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1 Abstract
Tethered UnderSea Kites (TUSK) are a novel solution to produce renewable energy from ocean
currents. This project’s goal was to design a rigid-wing underwater kite with an attached turbine
that extracts power from an ocean current, and to test a viable scale model of the system. A
detailed CAD model of the proposed design was created which includes an aluminum nacelle
and 3D printed ABS plastic propeller, wing, pylon and rudders. Oﬀ-the-shelf power components
such as the generator, and servo were purchased, and a previously created gimbal for kites in
air was modified for an underwater application. The system will be tested in a water flume at
Alden Research Laboratory.
“Certain materials are included under the fair use exemption of the U.S. Copyright Law and
have been prepared according to the fair use guidelines and are restricted from further use.”
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4 Executive Summary
Tethered UnderSea Kites (TUSK) are a novel solution to produce renewable energy from ocean
currents. This project’s goal was to design a rigid-wing underwater kite with an attached turbine
that extracts power from the ocean current, and to test a viable scale model of the system. A
detailed CAD model of the proposed design was created which includes an aluminum nacelle
and 3D printed ABS plastic propeller turbine, wing, pylon and rudder. Oﬀ-the-shelf power
components such as the generator, and servo were purchased, and a previously created gimbal
for wind kites was modified for an underwater application. The system will be tested in a water
flume at Alden Research Laboratory.
The project was divided into three main areas of work: 1) hydro-kite design, 2) electricity
generation, and finally motion support system. The design of the hydro-kite included the wing,
pylon, rudder and turbine propeller which were 3D-printed with ABS plastic and the nacelle
which was machined with aluminum. The power components included the generator and servos.
An arduino board with a potentiometer was set up to provide power to the servo and input signals
to the rudder. The turbine and generator system were compared to designing or purchasing and
testing oﬀ-shelf products. The motion support system included the tether, gimbal and push cart.
The connections to a pre-designed gimbal system and the rigid-wing hydro-kite were investigated.
Lab testing at Alden Laboratory involved measuring system performance characteristics such
as power output and tether cycles to calculate kite velocities. Demonstrating the feasibility of
the TUSK concept through scale model tests, this project is the basis for further scaling and
development of technology to full-scale systems.
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5 Introduction
5.1 Tethered Undersea Kites (TUSK)
The goal of this project was to build a small-scale model Tethered Undersea Kite (TUSK)
system, to test the feasibility of the system’s ability to produce electricity utilizing a water
turbine/generator attached to a rigid-wing kite in a low velocity current, and to analyze the
performance characteristics of the system. The model will be tested in a water flume at Alden
Laboratory in the future, where measurements will be taken to validate the TUSK design and
concept.
5.2 United States Dependence on Fossil Fuels
Fossil fuels maintain the highest contribution for electricity production in the United States due
to existing infrastructure and power distribution reliability. More than two-thirds of electricity
generated in 2012 was from fossil fuels such as coal, natural gas and petroleum[30]. Because the
United States depends heavily on fossil fuels, its byproducts such as carbon monoxide and other
pollutants may lead to a bleak future of adverse environmental eﬀects. With an increasingly
large population and subsequent increase in electricity demand, a renewed emphasis on renew-
able energy sources is essential to mitigating the harmful eﬀects of pollution.
Figure 1: United States Electricity Generation in 2012. From [30].
In 2012, renewable energy sources generated nearly twelve percent of the United States’
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electricity production. Among the widely recognized renewable energy sources such as solar,
geothermal, biomass, and wind, hydropower is United States’ main source of electricity produc-
tion contributing to more than half of the total renewable energy production. Electricity can be
produced by hydroelectric systems through reservoirs created by dams or through low dams into
penstocks or turbines. Also considered a renewable energy source, nuclear power contributed to
nearly 20% of United States’ electricity production[30]. Although fossil fuels and nuclear power
are the major sources of the United States’ electricity generation, an emerging potential for hy-
dropower is harvesting energy from ocean and tidal current using hydrokinetic energy systems. A
thorough understanding and implementation of hydrokinetic energy systems may lead to stable
electricity generation and a cleaner environment.
5.3 Ocean Potential and Current Designs
The oceans cover approximately seventy percent of the earth’s surface. Compared to how in-
tensely land resources have been mined and farmed, the vast resource potential of the oceans are
comparatively untouched. The first known work done in harvesting ocean potential was as far
back as 1799, a Frenchman and his son, Girard, patented an idea for harvesting ocean energy[6].
But it is not until recently, as the perceived shortage of fossil fuels caused concern that more
interest began to focus on the ocean’s potential through its currents.
Similar to wind turbines, tidal turbines collect kinetic energy from a moving current flowing
around aerodynamic blades. Although there are noticeable similarities, there are also just as
noticeable diﬀerences. For example, water is about 830 times denser and flows at much lower
speeds than air. The forces acting on water turbines are much greater than those acting on wind
turbines. Also it is necessary for water turbines to be able to generate energy form both flow
and ebb tides.
There are numerous designs for tidal turbines, both in the concept and in testing phases.
One major player in the field is the European Marine Energy Centre (EMEC). Based out of
Orkney, Scotland since 2005, this center’s goal is to provide a quality environment for tidal
turbine producers to test their products[27]. One example of a current design is the Gorlov
Helical Turbine , developed by a company called GCK Technology Inc. based in the USA. It is
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a vertical axis current turbine with blades twisted in the shape of a helix. Its design has proven
eﬃcient in reducing vibrations[28].
5.4 Current TUSK Related Work
Tethered Undersea Kites (TUSK) technology is a recent development in the field of ocean renew-
able energy. As the name implies, TUSK technology utilizes a kite, in this case a rigid winged
craft, with a turbine attached to the underside of the wing. The craft is tethered to a base that
can either be located on the ocean floor or on the ocean surface. The TUSK concept is based
on the concept, similar to a kite in air, of an underwater kite. “Flying” in an ocean’s current, a
kite is able to travel cross-current at roughly 10 times the speed of the current. The kites can be
designed to follow a figure-eight pattern as shown in Figure below. With turbines attached to
these kites, given that they can travel 10 times the current speed, they can produce 1000 times
the amount of power than ocean turbines that sit stationary in the current[8].
5.5 Minesto
The company leading the research in this area, located in the United Kingdom, is Minesto AB.
As of this writing, Minesto is the only notable company designing TUSK technology. As such,
the literature review for this project was comprised in a large part of Minesto’s publications and
information available via the company’s website. Minesto has begun prototype production of
four variants of their design, Deep Green 8, 10, 12, and 14. The designs diﬀer in size. The number
in their name signifies the kite’s wingspan in meters, i.e. the Deep Green 8 has a wingspan of
8 meters. The advantages of Minesto’s kite technology over other stationary designs are many,
and are summarized on their website. 1) Because the kites can travel cross-current they can
produce 1000 times the power. 2) Unlike stationary turbines that must be placed in the highest
speed currents to be eﬃcient, Minesto’s kites can operate eﬃciently in slower currents because
they multiply their speed by traveling cross-current. 3) Also, its smaller size is a manufacturing
and cost benefit. Minesto claims that its technology is 10 to 25 times smaller per MW for flows
of 2.4 m/s and higher. 4) Since the kites are small and can be taken on shore for maintenance,
the oﬀ shore costs are minimal. 5) TUSK can be used in both tidal and ocean currents. 6) The
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oceans are one of the most reliable renewable energy sources. They can be predicted with almost
one hundred percent accuracy. 7) Since they are located below the surface, TUSK systems do
have minimal environmental and visual impact[8].
5.6 HydroRun Technologies LTD.
The hydrokite design by HydroRun Technologies relies on the same concept as Minestos kites,
but are designed to extract energy with a diﬀerent method. HydroRun is a TUSK system that
utilizes a tether attached to a spool which is in turn attached to a generator. The system uses
cross-current, figure eight motion to produce hydrodynamic lift in half of the motion. When
producing lift, the spool is pulled generating electricity. In the other half of the motion, when no
lift is produced the spool is retracted. HydroRun can be used in either ocean or river currents.
A schematic of the kite motion and a diagram of the kite design are shown in the figure below.
Figure 2: HydroRun path schematic and kite design. From[16].
5.7 Other Work
Besides Minesto’s Green Technology and Hydrorun, there is a surprising lack of other work on
TUSK related projects. It seems that this subject is still very novel.[17, 23, 11, 19, 15]One
related project, completed by Moodley et al, studied Minesto’s Deep Green technology in the
Agulas Current of the coast of South Africa.[3] They found that it was more eﬀective than other
energy production systems.Other related study was conducted by Coro et al. They studied the
GEM system which is similar to a TUSK system except it lacks a hydro wing and therefore rides
stationary in the current. This system is less eﬀective than a TUSK system as it cannot take
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advantage of high cross-current speeds.[10] Other related work includes autonomous underwater
vehicles designed for sensing, measurement and surveillance instead of power production.[21, 22,
2]
5.8 Airborne Wind Energy Systems
The hydrokite concept is based oﬀ of the power generation with the use of airborne wind energy
theory. The AWE is being investigated by many diﬀerent companies and universities because of
the overall simplicity of the concept. The main components of the AWEs are the kite, tether,
and generator. This simplicity is what is attractive, especially since the use of kites is well
documented.
Among the first to propose the concept of AWEs was Miles L. Loyd with his study of kites
written in ”Crosswind Kite Power” in 1980. According to his study, the kite could produce power
at a higher rate than stationary systems because of its ability to move in a crosswind motion
providing a higher relative velocity, velocity being directly proportional to power generation.
The kite, as stated by Loyd, will have the tether tension resisting the aerodynamic lift rather
having the bending of the tower that is respective to stationary wind turbines. The tension of
the tether translates to the a stationary ground generator, thus creating power [4].
Kites have been used mostly as recreation by many and for many years. The advancement
of kites have even included the sport of kiteboarding. Kiteboarding involves utilizing the force
converted by the kite from wind deflection and the aerodynamic force of the kite to provide
the necessary force to move a person across a certain terrain or aquatic path. Those who enjoy
kiteboarding have practically made a science out of it improving the amount of total force the
kite provides to increase the speed to which they travel. Their understanding, like that of Loyd,
is that a crosswind provides the most force from the kite, especially at a lower tether angle
relative to the surface. This culminates to the adoption of the figure-8 motion being the most
eﬃcient manner of gathering power from kites[26].
The integration of Loyd’s work and the understanding of its practical use in kiteboarding
allows students, engineers, and inventors to develop an AWE with kites. This same concept is
the influence in the TUSK project as well. The main diﬀerence between an AWE and TUSK is
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the medium through which the kite will travel.
6 Project Goals
The goal of the project is to design, build and test a small scale model Tethered Undersea Kite
(TUSK) system and to determine the feasibility of producing power with a TUSK system. The
overall project goal is further divided into three sub sections that include hydro-kite design,
electricity generation and motion support system. The hydro-kite is comprised of the wing,
pylon, nacelle, turbine, and rudder. These components were designed in SolidWorks, 3D printed
and proved the advantages of incorporating 3D printing into the manufacturing process. The
electricity generation section is concerned with figuring out how much power is transmitted from
the ocean current through the turbine and generator. A servo and arduino system connected to
a rudder is designed to steer the kite in the preferred circular trajectory. Finally, the motion
support system was designed which includes the gimbal, tether and the gimbal-tether and kite-
tether connection points, as well as the material for the tether and estimating the tether drag
force. With this entire system complete, the goal was to test the system, first in the WPI
swimming pool and later at Alden Research Labs in Holden,MA and measure power output
produced.
15
7 Design Process and Alternatives
7.1 Hydro-kite Design
The design of the scale-model Hydro-kite consists of the wing, pylon, front cap, mid-body nacelle,
end-body nacelle, turbine propeller and rudder components. The wing provides a hydrodynamic
lift force and is attached to the nacelle body by a pylon. The pylon provides a smoother current
flow over the wing, avoiding wake tip vortices from the turbine. The nacelle includes the generator
and servo. Both the nacelle and pylon are designed aerodynamically to minimize drag. Attached
at the end of the nacelle, the rudder steers the kite. Other internal components such as the
generator, servo, propeller shaft, oil seal, rotary bearing, fixed-coupling, collet, and rudder shaft
were purchased. The figures below show CAD views of the Hydrokite.
Figure 3: Isometric view of Hydro-kite
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Figure 4: Section view of Hydro-kite
Figure 5: Hydro-kite dimensions in inches
The major dimensions of the Hydro-kite includes a wing span of 11.5”, rotor diameter of
5.84”, nacelle diameter of 2.25” and body length of 11.65”.
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7.1.1 Comparison to Minesto’s model
The Hydro-kite design was scaled from the basic dimensions of Minesto’s 8 meter wing span
model using an initial approximate 27:1 scale ratio based on the wing span. The diﬀerence in
dimensions for major components are shown below. The power for the Hydro-kite is not shown
below. The analysis on electricity generation is yet to be done. However, a theoretical maximum
power calculation is performed at the end of the section 7.1.8. The table below compares the
dimensions of the scale-model to Minesto’s 8-meter wingspan prototype. It should be noted that
p = Minesto prototype and m = WPI scale-model.
Minesto Hydro-kite Scale factor
Wing span 8.0 m 0.29 m (Lp/Lm) = 27
Rotor diameter 0.67 m 0.15 m (Lp/Lm) = 4.4
Nacelle length 3.0 m 0.25 m (Lp/Lm) = 12
Nacelle diameter 0.50 m 0.06 m (Lp/Lm) = 8.3
Tether length 70.0 m 1.83 m (Lp/Lm) = 38
Weight 1,814 kg 0.65 kg (Wp/Wm)0.33 = 14
Rated power 120 kW @ 1.3 m/s - -
Table 1: Comparison between Minesto’s 8-meter wing span prototype and the WPI scale-model
The low scale factors for the rotor diameter, nacelle length and diameter, and weight suggest
that these components are large for the WPI scale model compared to the Minesto prototype.
For example, if you scale down Minesto’s rotor diameter by a scale factor of 27:1, you obtain a
WPI scale-model rotor diameter of 0.025 m compared to 0.15 m. Also, the weight of the WPI
scale-model is heavier than the desired weight because of a 14:1 scale ratio instead of the 27:1
scale ratio. This last result is common for scaled ocean structures.
Some reasons why the design team could not achieve the desired rotor, nacelle and weight
specifications were due to the constraints set by the generator and servo. These two main
components dictated the sizing of parameters such as diameter and length of the main body of
the hydro-kite. Secondly, the large size of the nacelle / rotor and the need for an aluminum
nacelle for waterproofing of the generator electrical components led to increased weight.
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7.1.2 Manufacturing
The wing, pylon, end-body nacelle, rudder and turbine propeller were manufactured through
rapid prototyping (3D printing) at Worcester Polytechnic Institute (WPI). Specifically, the Di-
mension SST 1200ES was used to machine the parts using ABS Plastic as building material.
The size of the Dimension SST 1200ES is 10” x 10” x 12”. ABS plastic was selected because
of its relatively low cost and stiﬀ, light weight structure. The estimated cost of 3D-printing was
determined by multiplying the CAD model volume by $8 per cubic inches. The part density
used for all the parts was high density because it creates a tight honeycomb-like interior. An
estimation of the manufacturing cost for the 3D printed parts is provided in the table below.
Volume (in3) Cost $
Wing 3.97 31.76
Pylon 0.29 2.32
Turbine propeller 2.51 20.08
Rudder 0.75 6.00
End-body nacelle 2.137 17.01
Total 9.66 77.08
Table 2: Estimated cost of 3D-printed parts
The actual cost for all the 3D-printed parts was $115. However, this cost includes support
material for 3D-printing. Some parts require more support material than other parts because
of the design and orientation used for printing. The figure below shows the finishing of the 3D
printed parts.
Figure 6: 3D printed parts
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One major issue was the roughness of the wing trailing edge. This was expected due to some
over-hang eﬀects with the tapered wing structure. This problem was fixed by carefully sanding
the trailing edge to remove the roughness.
The front cap and mid-body nacelle were both machined with aluminum because it was
essential to keep the mid-body nacelle which contained the generator, water proof. A water-
tight compartment required an industrial static seal O-Ring wedged in a groove on the front cap
and an oil seal and ball bearing that allowed the propeller shaft to pass through the front cap
while sealing the mid-body nacelle from water. The figures below show the design placement
of the O-Ring, oil seal and ball bearing and the front cap connection to the mid-body nacelle.
The mid-body nacelle was also designed with respect to three attachment points such as the
propeller, the pylon, end-body nacelle and the ball-joint connection.
Figure 7: Side and Isometric views of front cap
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Figure 8: Front and Isometric views of mid-body nacelle
Figure 9: Front cap connection to mid-body nacelle
The CNC mill and lathe at the WPI machine shop in Higgins were both utilized with an
aluminum bar as stock material. The figures below show the process and final products of the
front cap and mid-body nacelle.
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Figure 10: Aluminum stock bar through CNC lathe and final products
Figure 11: Mid-body nacelle manufacturing with CNC mill
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Figure 12: Front cap manufacturing with CNC lathe
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7.1.3 Wing
A NACA 63(2)-615 airfoil was selected for the wing hydro-kite. This airfoil falls between the
family of NACA 63-2xx and NACA 63-8xx series that are common for wind turbines. The reason
why a airfoil for a wind turbine is desired is because the hydro-kite essentially replaces the tips
of the wind turbine blades. Hydrodynamic performance from these family of NACA series have
been conducted by Batten, Bahad, Molland and Chaplin[14]. Batten et al showed that the
NACA 63-215 is commonly used with wind turbines and the NACA 63-815 is a derivation with
four times the camber. The increase in camber, reduces the minimum pressure coeﬃcient for a
given coeﬃcient of lift and this result is desirable for cavitation. For this reason, this same airfoil
was used for the turbine propellers.
Figure 13: NACA 63(2)-615 Airfoil. From [29].
The initial option for a wing configuration was an elliptical wing. This option oﬀered min-
imum induced drag, however, due to its complex 3D shape we decided to look more closely at
rectangular wings.
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Figure 14: Preliminary CAD wing models
The design process was simple for an initial planform rectangular wing. A 15” wingspan
scaled down from Minesto’s 8 meter-wingspan model was used. The table below shows the
scaled down dimensions.
Minesto Scale Model
Wingspan 8m (315 in) 0.381m (15 in)
Chord 1.73m (68.1 in) 0.0824m (3.244 in)
Table 3: Minesto and scale model wingspan and chord dimensions
Considering the benefits of the reduced induced drag of tapered wings, a tapered wing design
was next considered. The issue of overhang during 3D-printing was also partly resolved by
avoiding the use of the spars. Since the wing has small dimensions, the spars were insignificant
in terms of structure compared to the wing itself.
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Figure 15: SolidWorks wing models
The bottom left picture has the attachment sleeve designed for wind tunnel testing. To ac-
commodate the wing design for testing in the wind tunnel, an attachment sleeve was designed
at the trailing edge of the wing for a connection to the force balance in the wind tunnel. Wind
tunnel testing can be conducted to validate results from airfoil analysis data.
Finally, the initial scaling of Minesto’s 8-meter wingspan to a 15” wingspan was reconsidered
because of the velocity at the tips of the wing within a 24” radius flight path. For example, at 15”
wingspan the velocity at the outer tip is almost twice the velocity at the inner tip. This means
that the wing is turning in on itself, which could pose a problem because the design includes
only a rudder control surface. When the wingspan is reduced, the eﬀect is minimized as can be
seen with data on the smallest wingspan of 8”. A max of 10” wingspan was selected because the
eﬀect is reduced compared to the 15” wingspan and it also has enough surface area to balance
tether drag. Results are shown in the graph below.
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Figure 16: Wing tip velocities as a function of kite velocities
From the results above and consideration of the dimensions of the 3D-printer, the team se-
lected a final, tapered wingspan of 11.5”.
To calculate the induced drag, parasitic drag and coeﬃcient of lift of the Hydro-kite the
following parameters need to be defined. These parameters include the density and viscosity of
water and the wing aspect ratio obtained from aWPI graduate student’s work on the optimization
of the TUSK system.
ρ = 998
kg
m3
(1)
µ = 1.002× 10−3Ns
m2
(2)
AR = 5.883 (3)
From the wing aspect ratio, the oswald eﬃciency factor can be calculated as:
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eo = 1.78(1− 0.045AR0.68)− 0.64 = 0.8727 (4)
A lift-to-drag ratio of 4 was selected based on the higher velocity of the hydro-kite compared
to a stationary marine current turbine. The hydro-kite can travel up to 3 to 5 times faster.
L
D
= 4 (5)
Since the current speed of interest for the hydro-kite design is 1 m/s, the apparent velocity
of the hydro-kite can be calculated from the equation below, that relates the apparent velocity
to the lift-to-drag ratio.
Vc = 1
m
s
(6)
Va =
2
3
L
D
Vc = 2.67
m
s
(7)
Since the Hydro-kite travels in a cross-current motion, the kite has an apparent velocity but
it also sees a relative velocity from the current, thus, the angle of attack can be calculated as:
α = arctan
Vc
Va
= 20.5o = 0.36rad (8)
This angle of attack is beyond the stall point of the airfoil, therefore the hydro-kite does not
produce lift. An adjustment in the shape of the pylon can be considered to change the pitch of
the wing that results in a stable angle of attack range for the wing.
Other parameters that are needed are:
Croot = 0.071m (9)
λ = 0.4 (10)
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Cmean =
2
3Croot(1 + λ+ λ
2)
(1 + λ)
= 0.0527m (11)
Thus, the Reynolds number of the wing can be calculated as:
Rew =
ρVaCmean
µ
= 1.4009× 105 (12)
Approximating the lift-curve slope of the airfoil as 2π, the lift coeﬃcient of the Hydro-kite is
found to be:
CLkite = CLα(α− αzero) = 1.5 (13)
The induced drag, which is the drag due to lift is further expanded as shown below. It is a
function of the lift coeﬃcient of the hydro-kite, the wing aspect ratio, and the oswald eﬃciency
factor.
CDind =
CLkite
2
πARweo
= 0.1423 (14)
The parasitic drag of the wing can also be calculated as follows, neglecting mach number and
leading edge sweep eﬀects
Cfw =
0.455
(log10Rew)
2.58 = 0.0066 (15)
FFw =
￿
1 +
0.6
(x/c)m
￿
t
c
￿
+ 100
￿
t
c
￿4￿
= 1.3506 (16)
Swing = 0.015m
2 (17)
Swetw = 2Swing = 0.03m
2 (18)
The parastic drag formula below calculates the wing parasitic drag with the basic approxi-
mation for Q = 1.
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Cdw =
CfwFFwSwetwQ
Swing
= 0.0179 (19)
Using dynamic similarity, the wind tunnel velocity can be used to simulate conditions for
scale model experiments. Using the same current speed and lift-to-drag ratio, the equivalent
velocity (Veq) of the wind tunnel can be calcuated as:
Water Air
Density (kg/m3) 1.2 998
Viscosity (Ns/m2) 1.983 x 10−5 1.002 x 10−3
Table 4: Air and water properties
Veq =
ρwater
ρair
µair
µwater
Va = 43.89
m
s
(20)
7.1.4 Turbine propeller
Initial research on turbine blades began with underwater turbine blades. Without any success
in this area, the team concluded to design the turbine blades in SolidWorks and 3D print them
out of ABS plastic. An initial, rough SolidWorks drawing is shown in Figure 7.
Figure 17: SolidWorks image of initial turbine blades concept
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But once again, after some in depth research into the turbine blade design, the team was
advised to look for simpler ideas that met the project’s needs, although they might not be as
eﬃcient. This led to research into RC model airplane and boat propellers.
Basic experiments were conducted to calculate the rpms. The first basic experiment consisted
of a 7-inch airplane propeller in the water tunnel at the WPI aerodynamics laboratory.
Figure 18: First RPM water tunnel experiment
Run # Revolutions per minute
1 49
2 46
3 46
4 43
5 43
6 48
6 46
Table 5: Test runs and measured rpm
Average = 45.85 rpm = 46 rpm
The next step is to perform dynamic similarity calculations with water turbine blades to
calculate a more accurate estimation of the needed revolutions per minute.
ρmNmD2m
ρm
=
ρpNpD2p
ρp
(21)
As Table 5 shows, the RC airplane propeller and 0.13 m/s flow speed yielded low revolutions
per minute. When they were scaled up for the higher speed at Alden Laboratory, 1 m/s we got
only an approximate 354-rpm. Obviously this is to low, but we analyzed these numbers knowing
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that this was an extremely simple approximation.
After more in-depth research, the team finally decided to go with a SolidWorks designed
turbine propeller, 3D-printed out of ABS plastic. This solution provided the best connection
between the propeller, the shaft and the nacelle. The team considered a shrouded turbine that
resembles Minesto’s prototype for the turbine design for 3D printing. Since the turbine extracts
hydrokinetic energy, it must be able to withstand cavitation. Cavitation occurs when the vapor
pressure at a point on the turbine blade is higher than the local pressure of at that point. In
order to avoid the latter problem, the team decided to select an unshrouded turbine. This also
presented an easier way to 3D print the turbine propellers.
The NACA 63(2)-615 is the airfoil that was used for the blade design due to it’s hydrodynamic
performance and favorability to cavitation. The number of blades for the turbine was three and
the twist angle of the turbine blade was 45 degrees, from hub to tip. The design of the turbine
propeller also resembles that of RC airplanes. A collet was needed to connect the shaft coming
out of the front cap to hub of the turbine propeller. Thus, the turbine propeller was 3d printed in
two parts. The first part included the main hub with the three blades 3D printed in it. The other
part was a cap that could be taken on and oﬀ in order to use a lock nut to secure the connection
of a collet through the turbine propeller hub. Tolerances of 0.060” with the 3D-printer had to be
considered as well as ease of opening and closing of the cap on the main hub. The figure below
shows the final turbine propeller design.
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Figure 19: SolidWorks model of turbine propeller
7.1.5 Pylon
Figure 20: SolidWorks pylon model
The pylon was designed to provide a connection point between the wing and the mid-body
nacelle. It was designed using a streamline shape in order to minimize drag. The airfoil used for
the pylon was a symmetric airfoil. Two screw holes run through the pylon from top to bottom to
hold two countersink screws that are used to fasten the wing and the pylon. Three flanges from
the bottom of the pylon were designed as place holders in order to ensure accurate alignment
of the pylon into the mid-body nacelle. The parasiitic drag on the pylon was calculated using a
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similar process for the wing:
Cmeanp = 0.035m (22)
bp = 0.033m (23)
Sp = bp × Cmeanp = 0.0012m2 (24)
Swetp = 2× Sp = 0.0023m2 (25)
Rep =
ρVaCmeanp
µ
= 9.2762× 104 (26)
Cfp =
0.455
(log10Rep)
2.58 = 0.0073 (27)
FFp =
￿
1 +
0.6
(x/c)m
￿
t
c
￿
+ 100
￿
t
c
￿4￿
= 1.8118 (28)
Cdp =
CfpFFpSwetpQ
Swing
= 0.0020 (29)
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7.1.6 Rudder
Figure 21: SolidWorks rudder model
The rudder was designed to steer the kite in a circular trajectory. The rudder was designed with
hydrodynamic balance to ensure that it could operate eﬀectively underwater. The placement of
the rudder shaft was determined as approximately 15 percent of the rudder chord. To complement
the waterproof servo, the rudder arm was designed with the same structure as the servo arm. A
strong wire will be used to connect the rudder arm and servo arm. The parasitic drag on the
rudder was also calculated using a similar process for the wing and pylon:
Cmeanr = 0.05m (30)
br = 0.065m (31)
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Sr = br × Cmeanr = 0.0033m2 (32)
Swetr = 2 ∗ Sp = 0.0065m2 (33)
Rer =
ρVaCmeanp
µ
= 1.3280× 105 (34)
Cfr =
0.455
(log10Rer )
2.58 = 0.0067 (35)
FFr =
￿
1 +
0.6
(x/c)m
￿
t
c
￿
+ 100
￿
t
c
￿4￿
= 1.21 (36)
Cdr =
CfrFFrSwetrQ
Swing
= 0.0035 (37)
7.1.7 End-body nacelle
Figure 22: SolidWorks end-body nacelle model
The watertight compartment servo was also designed with a streamlined shape for minimum
drag. To accomodate the servo, the nacelle was designed in two parts. The bottom part contains
a slot for the servo to fit in, as well as a hole for the servo wires to go through. The top part
has an opening for the servo arm to stick out. This opening was needed because the dimensions
of the servo and the maximum diameter dimension of the mid-body nacelle dictated the design.
The opening in the top part is possibly conducive to more drag on the hydro-kite body, however,
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since the servo is waterproof, there is not a significant concern for this part of the hydro-kite
flooding with water. The top part of the nacelle was designed with a small hook that will help
it attach to the bottom part. Lastly two holes were printed in the model to ensure a secure
connection between the end-body nacelle and the mid-body nacelle. Hoerner’s book on Fluid
Dynamic drag was used to esiimate the parisitc drag on a streamline shape. The combination of
the mid and end-body nacelle provided the results shown below.
Figure 23: Drag of rotationally symmetric bodies. From[13]
The figure from Hoerner[13] above was used to approximate the parastic drag coeﬃcient
based no the wetted area of the nacelle. Using a Reynolds number of:
Ren =
ρVaCmeann
µ
= 6.5338× 105 (38)
The laminar coeﬃcient of friction was selected from the drag results to be approximately
0.002. Thus, the wetted area from Hoerner[13] could be calculate below.
Cdn = Cflam
￿
1 +
￿
Nl
Nd
￿1.5￿
+ 0.15
￿
Nl
Nd
￿2
= 0.0103 (39)
From the approximations of induced drag and total parasitic drag of the Hydro-kite design
37
components the total drag coeﬃcient of the hydro-kite comes to 0.1724. The final lift-to-drag
ratio of the scale-model was also 8.7.
7.1.8 Theoretical power estimate
Loyd’s formula[4] provides a theoretical maximum power for a tethered airfoil. It is important
to understand that this equation holds true if only the wing drag is considered and if the aero-
dynamic force lies in the direction of the ocean current. Therefore, using the definition of the
apparent velocity and the lift-to-drag ratio of 4 that only considers the wing, the theoretical
power of the proposed hydro-kite model results to:
P =
2
27
ρAVa
3CLkite
￿
L
D
￿2
= 810watts (40)
Where A represents the surface area of the wing.
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7.2 Electricity Generation
7.2.1 Motor/generator
At the start of this project, we began looking for an oﬀ-the-shelf motor that could double as a
generator to produce electricity. Initial research included RC motors, small brushed and brushless
motors, pipe-turbine motors, and bicycle dynamos. Comparing price, availability, revolutions
per minute, and size, no single option met all the requirements. Therefore the team reverted to
exploring the option of creating an original generator.
Figure 24: SolidWorks model of our proposed coil and magnet generator
Figure 2 above shows our initial SolidWorks drawing of a concept of a magnet and coil
generator. The figure on the right shows a disk with slots for magnets, strong rare earth magnets
such as those show in Figure 3, around its rim. The disk is attached to a shaft that in turn is
attached to the turbine blades. So when the blades are spun by water, they will spin the disk
with the magnets. The figure on the left of Figure 2 shows how we intended to place the disk
in the nacelle. A slot around in the nacelle directly around the disk, shown in the left figure, is
where a series of copper wire coils would be placed. Thus when the magnets were spun, they
would pass close to the coils creating a electrical current to flow within the wires.
After a couple weeks of research into magnet and coil generator design, it was concluded
that creating our own generator was outside of the goals of the project and to time consuming.
Therefore, our focus once again turned from creating our own generator to looking for an easier
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oﬀ-the-shelf design.
Our first oﬀ-the-shelf design we considered was a bicycle dynamo. A dynamo is a small,
usually two–polled magnet and coil generator designed to be attached to a bicycle’s wheel. This
concept caught our attention because it was already created, a good size, around 1.5 inches in
diameter, it could also be easily changed to meet our needs in our nacelle.
Figure 25: Bicycle dynamo and Solidworks image of dynamo position in nacelle. From[9]
Figure 4 above shows to figures. The one of the left shows the dynamo we purchased and the
figure on the left shows a to-scale SolidWorks drawing of the position of the dynamo within the
nacelle. Note: the square black part of the dynamo attached on the left of the dynamo and the
black cylindrical part attached to the shaft on top were removed.
Once the above dynamo was purchased, our team took it to the WPI machine shop to measure
the volts it produced per rpm. The dynamo shaft was placed in a lathe and a voltmeter was
attached to the dynamo’ output. We were surprised to find that we were unable to record at
any rpm that we estimated that we could attain with our TUSK system, approximately any rpm
less than 1000rpm. So we set the lathe to 1000 rpm and we recorded no volts. Thus this caused
us to do some estimate calculations on the number of rpms the dynamos are created to operate
with on bicycles. Processing through calculations it was calculated that the necessary rpm for
the dynamo to function eﬃciently is approximately 4400 rpm.
Therefore the dynamo will need to experience a high rpm in order to produce a voltage that
can be measured with a high resolution. The rpm required is too high, thus a power generator
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is needed.
Due to these calculations we became aware that we could not expect to create enough rpms
to produce any reasonable voltage with the bicycle dynamo. We reverted to the drawing board
and once again began research into a good replacement generator.
Figure 26: Generator from Hobbyking.com. From[1]
Above is shown the generator that as a result of extensive research, was the next, but option
for a motor/generator that the team considered. The MULTISTAR 4114-320 met the needed
requirements of the design. The number 320 in its description is the number of revolutions
produced when one volt is applied. As a generator this number gives us the number of revolutions
necessary to produce one volt. This motor was chosen as our generator because it met the
following criteria: its dimensions fit inside our nacelle, it can produce a quantifiable amount of
voltage given our low revolutions, it is within our budget, and it is easily purchased. But upon
attempting to order this motor, WPI Mechanical Engineering Department staﬀ said that the
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only company that sold it was unreliable. The search for another, and what would be the final,
generator began.
Very similar to the MULTISTAR 4114-320, the SunnySky V4014-12 KV320 Brushless Motor,
meet all requirements and was sold by a reliable in-country company.
Figure 27: Motor/generator from SunnySky sold on BuddyRC.com. From[25]
7.2.2 Servos
The servos are necessary in the design to control the rudder. Figure 10 details the position of
the servo. The servo is shown in the figure below. The servo powers the rudder controlling the
path of the kite as it travel cross current. The path can be circular or a figure eight. Due to
restrictions on size of the flumes at Alden laboratory, a circular path was chosen over a figure
eight pattern.
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Figure 28: SolidWorks CAD showing kite internal components
The movement of the rudder is controlled by a potentiometer at the surface of the water.
The signal from the potentiometer is received by an ardiuno uno, which in turn converts the
signal and sends it to the servo. Both the arduino and servo are powered by an attached nine
volt battery.
Figure 29: Schematic of power system
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Figure 30: SolidWorks image showing position of servo
In the final kite design the back portion of the kite is 3D printed. The 3D printing ABS
plastic is not water proof. Because of this there were two option: the design could include a
water proof servo in a 3D printed back part, or it could have metal back part with a servo that
is not water proof. It was decided to chose the former option.
The water proof servo options were very limited. Finally the HiTECH HS-5646WP servo.
The HS-5646WP operates on 6 to 7.4 volts, has a 3 pole ferrite motor, and weighs 61 grams. It
is shown in the figure below.
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Figure 31: Water proof HiTECH servo. From[12]
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7.3 Motion Support System
The desire to harness the hydrokinetic energy that is present in the open seas presents itself
with challenges to the system’s functionality which rests upon the motion support system. The
motion support system must be rigid and yet allow for a certain level of flexibility to optimize
the system’s performance. The TUSK is not exempt from this notion. The TUSK system must
have a base that houses the power collection system and a tether that helps maintain desired
path of the TUSK. The collection of both components will be referred to as the motion support
system.
The design of the support system varies in configuration based on the environmental factors
that will be present in the location of deployment. The factors consists of water depth, distance
from shoreline or coastline, expected current velocity, typical weather present, etc. For the small
scale TUSK model, the motion support system will have its base above water and will have the
kite portion “dropped” into the water.
The main components of the motion support system consist of the platform, gimbal, tether,
and important components. Each were designed to fulfill the requirements of testing needing to
complete the projects goal of gathering data and proof of concept.
Figure 32: Complete Motion Support System
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7.3.1 Platform
In the open seas, platforms above water are usually floating and are anchored to the sea floor
in various manners. For the purpose of testing, the first model will an above water platform to
be fixed onto a stationary location at the water’s edge. The non-floating platform is to reduce
the amount of complexities of this project and helps focus our goal of testing feasibility. The
platform will have the gimbal system and the power transmission and collection station. The
controls will also be attached to the platform, as well.
7.3.2 Gimbal
The gimbal is already assembled as part of a project completed by Kevin Arruda. The gimbal
itself is a two axis inclinometer that was used for a kite system testing. It allows for the measuring
and tracking of the kite motion. It is machined out of aluminum and has potentiometer attached
to the two axis of rotation. It already has its base, also made of aluminum and has holes in the
base plate for the ease of attachment and anchoring. The center axis of the gimbal has a 0.500
inch bore that will allow for a tether, rigid or flexible, to pass through. The aluminum body will
allow for any form of modification to better suit the projects overall design.
Figure 33: Aluminum Two Axis Inclinometer, Gimbal
The gimbal’s only modification needed to be set up upside-down. The reason being, that the
gimbal was built and designed for a kite, therefore a positive elevation. The TUSK system will
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be dropped into a water tank, thus having a negative elevation. The solution to this is simple
and elegant. A table will support the gimbal upside down. The table made from two-by-four’s
and a plywood tabletop is made specifically to align with the base plate and allows a spot for
the controls to be placed on top. This table is a minor enough modification and will facilitate
the testing of the system.
Figure 34: Platform Ready Gimbal with Table
7.3.3 Tether
The second portion of the motion support system is the tether. The tether can be either rigid or
flexible such as a cable. Since the overall design of the model is to allow for testing of feasibility,
the tether is designed to allow for the proper motion of the hydrokite and must allow for power
transmission. The tether choice is for a rigid, hollow rod (a tube) at a designated length with a
certain material. The design considerations for the tether is the material and dimensions.
The first highly demanding parameter to the tether design is the length. The length of
the tether is dictated by the desired path of hydrokite. Since TUSK is based on kites, the
fundamentals of kite flying is to be considered and mimicked. One of the parameters for kite
flying is control based on sweep. If a kite has a large sweep angle, the kite has a tendency to
loose path integrity and thus become unstable. The hydrokite will comply with the notion that
the sweep angle has to be kept at a reasonable degree measure, preferably below 20◦. As well
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as sweep angle, the tether length is dictated by the motion of the hydrokite. Since the figure-8
motion was desired, the tether needed to be long enough to allow for the full figure-8 motion as
well as a low tether sweep angle. Unfortunately, with all these restrictions, mainly the test tank
dimensions, the figure-8 motion is replaced with a simple circular motion. The figures provided
show what the overall motion of the hydrokite will appear when testing in the test tank, with a
six foot tether.
Figure 35: Top View of the Hydrokite’s path
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Figure 36: Side View of the Hydrokite’s path
The restricted area, sweep angle, and wing tip velocities, the tether length is determined. As
mentioned previously, the risk of have a significant diﬀerence of wing tip velocities limited the
wing size and the path of the hydrokite. The tether length is then used to address these concerns.
The graph below indicates the possible tether lengths required for the designated wingspans, for
a two-foot turning radius of the hydrokite.
Figure 37: Graph supporting the decision of tether length and wing span
The tether material is to be a lightweight yet durable enough to be able to function at a long
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length. The first consideration for the tether is a unidirectional carbon fiber tube. The carbon
fiber tube is a lightweight and durable material that will allow for the tether to be at any length
and maintain its overall structural integrity. The carbon fiber is also corrosion resistant, securing
its future of multiple testing.
The carbon fiber tube was the best option at the moment of conception, however certain
diﬃculties arose that required revision and other options were considered, specifically aluminum.
The aluminum alloy 6061-T6 has many desirable qualities that the project can benefit with mod-
ifications and implementation of other components. This specific alloy is machinable, durable,
and has a higher level of corrosion resistance than other aluminum alloys.
Carbon Fiber Tubing Aluminum 6061-T6
Strength [ksi] 710 42
Weight [lb/ft] 0.031 0.1045
Inside Diameter [in] 0.437 0.37
Wall Thickness [in] 0.032 0.065
Cost [$] 31.99 18.68
The budget and the time allotted to the project also made the decision to use aluminum alloy
tube over carbon fiber tubes. The carbon fiber tubing is almost double the price of aluminum alloy
for the the same length. The time limit to complete the project also pushed to use aluminum for
its availability and low cost of shipping. The machinability aspect will be covered in the section
involving connection concepts.
7.3.4 Above Water Components
The motion support system also includes a collection of small, but vital components. These
components ensure that the hydrokite is able to travel without any form of interruption or
added diﬃculty.
The tether that is fitted through the gimbal center axis bore needs to be held into place.
Holding the tether in place is done utilizing a set screw shaft collar. The shaft collar was selected
because of the ease to place and remove it from the tether. This is vital for setting up and
dismantling the entire system. The set screw is capable of handling the axial loading that is
present from the force of the water’s current acting on the hydrokite.
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Figure 38: Set Screw Shaft Collar. From [24]
Since the tether will be held fixed to the hydrokite, it will also rotate will the hydrokite. The
set screw shaft collar will also be rotating with the tether and have to spin on the center axis of
the gimbal, adding an addition friction force opposing the motion of the hydrokite. To mitigate
the frictional force of the spinning set screw shaft collar, a needle roller thrust bearing is utilized.
The needle roller thrust bearing will allow the set screw shaft collar to spin with the tether and
can handle the axial loading of the hydrokite.
Figure 39: Needle Roller Thrust Bearing. From [18]
The spinning motion of the hydrokite also has another unwanted side eﬀect, spinning of wires.
The wiring protruding from the hydrokite will follow up the tether onto the platform. However,
since the wires are fixed to the internal components of the hydrokite, which is spinning with
respect to the motion support system’s base, the wires will also spin and create added stress
to power connection points. The solution is the an electrical through-bore slip ring, specifically
SRA-73683-12 courtesy of Moog Inc. The tether runs through the slip ring and will rotate freely.
The wires from the hydrokite, a total of six, connect into the rotary side of the slip ring leads,
that then transmits the power out the stator side that has leads that will connect to the power
system on the platform.
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Operating Speed [rpm] 250
Number of Leads 12
Lead Size #26 AWG
Voltage 210 VAC
Contact Material Gold
Current Rating, per ring 2A, max
Electrical Noise 60 milliohm, max
The max current allowed per wire is low compared to the amps that the generator is capable
of making. To provide suﬃcient amp protection, more than one lead from the slip ring will be
connected per wire from the generator.
Figure 40: Through-Bore Slip Ring. From [7]
7.3.5 Underwater Components
The underwater components have the task of connecting the tether to the hydrokite. This
may seem like a simple design, however there exists the requirement of being adjustable. The
hydrokite needs to adjust it’s orientation with respect to the tether. The connection pieces will
be responsible for the fixed pitch and roll control for the hydrokite with respect to the tether.
The yaw control will be regulated using the rudder. The two possible solutions, both of which
will be tested.
The first is a Pedco universal ball head mount used in photography. This has a large range
of motion with respect to pitch, but a minimal range of motion for yaw. The ball head mount is
robust and has a set screw to lock the orientation. The ball head mount has a protruding 1/4”-20
screw at one end and a 1/4”-20 female input at the other end. The robust has the negative eﬀect
of increased drag.
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Figure 41: Pedco Universal Ball Head Mount. From [20]
The second system utilizes a pair of ball-and-socket armature fixture. Two will be used in
conjunction, each responsible for one degree of motion. The ball-and-sockets will be fixed into
place much like the ball head mount previously mentioned, but being of a smaller size. This
smaller size will have less overall drag, but could possibly be less reliable in holding onto the
desired orientation.
Figure 42: Ball and Socket Armature. From [5]
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8 Final design
8.1 CAD model
The final model of the complete TUSK system is provided in the figure below. The set up of the
gimbal platform was done to simulate the experimental set up at Alden Research laboratory. As
can be observed, the hydro-kite will be tethered to the gimbal to receive the water flow. Thus
the water flow hits the pressure surface of the wing or the belly of the nacelle. This would ensure
that kite can be steered in a cross-current circular motion. The tank is drawn to scale at 6 ft x
6 ft x 24 ft. The only diﬀerence between this tank and Alden’s water flume is the length of the
water tank. The set-up of the above water components will be critical to the movement of the
hydro-kite in water as well as the measuring of the voltage produced.
Figure 43: Complete CAD model
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9 Planned Testing
9.1 Experimental Setup
The projects objective includes the testing and analysis that will determine the feasibility of
the TUSK system. The test portion is vital in providing numerical evidence providing proof of
concept, allow for application in power generation. The testing that will be conducted for the
scale model hydrokite will first be tested at the WPI Recreational Center’s swimming pool. The
testing will provide the first crude numerical analysis of the TUSK. The initial testing will occur
May-June 2014. The testing will utilize a platform push cart that will have an square aluminum
beam as a cross beam support of the motion support system above the water. The overall concept
will remain the same with the motion support system and electrical power station above water
and the small scale hydrokite dropped into the water. Applying the concept of relative frames,
pushing the platform push cart will simulate the waters current that is the design parameter
of the hydrokite. The cart will travel poolside at approximately one meter per second. This
initial testing will demonstrate the path taken by the hydrokite based on the angles set between
the tether and the hydrokite. Varying the pitch and roll of the hydrokite with respect to the
tether should result in diﬀerent paths taken and diﬀerence in performance. The performance will
be measured via measurement of the voltage being produced will indicate the eﬃciency of the
hydrokites orientation. It will also provide the rpm of the turbine blades, indicating its eﬃciency
as well. The future testing of the small scale hydrokite will be done at Alden Labs during the Fall
of 2014 academic year. This testing will provide the future groups testing the ability to witness
the hydrokites ability to perform during varying circumstances. The testing at Alden Labs will
be conducted similar to that of the WPI’s pool testing with the exception of the mode of current
production. The push cart system will be replaced with the gimbal table fixed to a platform as
previously indicated. The future groups working on this project will use these tests to dive into
the improvement of the hydrokite. The path taken will also be observed and improvements to
this concept will improve the overall eﬃciency of the hydrokite.
56
10 Conclusion
As stated earlier in this report, the goal of this project was to design, produce, and test a
small-scale TUSK system. Due to concerns over limited fossil fuels, there is great interest in new
and improved methods of producing clean, renewable energy. Hydrokinetic energy produced with
TUSK systems is one of the most novel methods. Minesto AB, located in the United Kingdom, is
the only company currently designing this technology. This project began by studying Minesto’s
work. The purpose of this project was to produce a small-scale model of a TUSK system as an
aid to help develop the technology to develop the designs for full-scale models.
Although there was not enough time to test the small-scale system before submitting this report,
the system was completely designed and the theoretical power output was estimated. These
actions proved that the system should work and produce clean electrical energy.
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11 Recommendations
This project is a multi-year project, recommendations for the next years students who pursue
this project are the following:
1. Due to time constraints, no testing of the design was conducted before submitting this
report. The most important next step is testing in the WPI pool with the kite system.
2. After initial testing, optimization the path that the kite follows as it travels cross-current.
This project was limited to a circular motion, but at the same time realizes that the most
eﬃcient method is the figure eight path. The next team should making pursuing the figure
eight path a high priory.
3. Making the craft autonomous so that there is no need for an operator
4. Along with making the craft autonomous, there will need to be more complicated control
surfaces to have complete control over the hydrokite.
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